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SHORT COMMUNICATION

Multiple Reaction Monitoring Mass Spectrometry
is a powerful tool to study glycerolipid
composition in plants with different level
of desaturase activity
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In plants, two lipid desaturation pathways exist. A so-called prokaryotic pathway is active in plastids and responsible for
unsaturation of 16 carbon fatty acids. An eukaryotic one, in the endoplasmic reticulum, acts on 18 carbon fatty acids.
Desaturase activities are affected in stressed plants, and conversely, they have an impact on the capability of plants
to adapt to stress. So knowing lipid unsaturation is important for physiological studies. Analysis of lipids by mass
spectrometry, in the multiple reaction mode, gives access to the molecular species present in each membrane lipid class.
We illustrate the powerfulness of this technique by applying it to phospholipids and galactolipids extracted from plants
where the desaturation pathways are present at variable level.

The synthesis of glycerolipid (i.e., phospholipids, galactolip-
ids and triacylglycerides) in plant is dependent on two distinct
pathways.! Fatty acid synthesis begins in the chloroplast and is
either continued by the prokaryotic plastidial pathway of the
envelope, or, after export, by the eukaryotic pathway present in
the endoplasmic reticulum.? The plastidial pathway generates
phosphatidic acid, where 57-2 position of glycerol is occupied by
a 16-carbon (C16) fatty acid. This lipid is at the origin of the
synthesis of phosphatidylglycerol (PG) or of prokaryotic galac-
tolipids. Because of specificity of acyltransferases® and successive
desaturations, these prokaryotic galactolipids are mainly esteri-
fied by a linolenate (18:3) fatty acid at the sn-1 position and a
hexadecatrienoic (16:3) fatty acid at the s#-2 position. On the
contrary, the eukaryotic pathway synthesizes lipids with 16- or
18-carbon (C16 or C18) fatty acids at sz-1 position and only C18
fatty acids at the s7-2 position. Phosphatidylcholine (PC) synthe-
sized through this latter pathway can be transferred to the chlo-
roplast where it will be at the origin of eukaryotic galactolipids
(C16 fatty acids are esterified at the s7-1 position, exclusively).
In some plants, both pathways are used to synthesize galacto-
lipids,* that contain high amounts of 16:3 and 18:3 fatty acids.
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These plants are referred to as 16:3 plants. In other plants, galac-
tolipid synthesis is only dependent on the eukaryotic pathway, so
they do not contain 16:3 fatty acid. These plants are called 18:3
plants. Thus, the molecular species that can be found in mono-
and di-galactosyl-diacylglycerides (MGDG and DGDG, respec-
tively) of the two categories of plants will differ with respect to
the presence of 16:3 fatty acids.

Fatty acid unsaturation can also be affected in the eukaryotic
pathway, resulting in altered content of the different C18 fatty
acids. Mutants of the different desaturases have been described
in Arabidopsis thaliana’ The first desaturase is the stearate
desaturase, making oleate (18:1) from stearate (18:0). In the 5572
mutant, this activity is reduced by 90%, resulting in an enrich-
ment of galactolipids and phospholipids in 18:0 fatty acid.®

Physiologically, desaturase activities, and hence the unsatu-
ration degree of membrane lipids, are affected during stress
responses.”'? In fact, a change in lipid unsaturation is one aspect
of plant adaptative responses, and it is required for plant sur-
vival.'"!? Being able to detect unsaturation changes can therefore
be of high importance for screening adaptative capacity of differ-
ent plant species or species cultivars.
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Glycerolipid composition can be analyzed by various tech-
niques. The first analyses relied on lipid separation by thin layer
chromatography, followed by preparation of fatty acid methy-
lesters that can be identified by gas chromatography.”® This
technique will only indicate the proportion of each fatty acid
present in each glycerolipid class (e.g., MGDG, DGDG, PG,
PC...) but will not indicate what the couples of fatty acids are.
The development of mass spectrometry (MS)-based lipidomics
methods now makes it possible to analyze the wide range of
molecular species that constitute lipids more readily. Frequently,

1416 Tn that case, it is the mass of

it is reported as a mass scan.
the lipids that is known. Yet, different molecules of glycerolip-
ids, even with a single type of polar head, can correspond to
a given mass. For instance a 16:3/18:0-MGDG will have the
same mass as a 16:1/18:2- or a 16:0/18:3-MGDG; they are all
34:3-MGDG. Yet, the multiple reaction monitoring (MRM)
mass spectrometry is an easy way to analyze glycerolipid that
gives access to the fatty acids esterified on the glycerol back-
bone, and thus gives a list of the molecular species. This tech-
nique needs the tandem mass spectrometry to be implemented
with collision-induced dissociation (CID). The parent glycer-
olipid is detected in the first quadrupole (Q1) of the tandem
MS, the second quadrupole (Q2) is the intermediary stage filled
with inert gas where CID of the parent glycerolipid occurs, and
the resultant facty acid ion-fragments are detected in the third
quadrupole (Q3). In our examples the 16:3/18:0-MGDG ion
mass will be detected in the Q1 and the 16:3 or 18:0 ion mass in
the Q3. Only one type of 34:3-MGDG type will liberate 16:0
in Q3, that is 16:0/18:3-MGDG. An important point is that in
this technique the m/z that have to be detected in QI and Q3
have to be pre set. A prerequisite for this technique is to know
which molecular species are expected. It is an a priori technique
and a preliminary work of mass scan for glycerolipid has to be
previously performed.

We wanted to illustrate how powerful the MRM mass spec-
trometry analysis is and how useful for plant physiology stud-
ies. For this purpose, we analyzed galactolipid and phospholipid
composition, on the basis of the molecular species that exist either
in 16:3 and 18.3 plants or in s72 mutant defective in stearate
desaturase. Lipids were extracted, after grinding of leaves in hot
methanol by an Ultra-Turrax homogeneizer, following a protocole
adapted from Rainteau et al.” The HPLC separation of phospho-
glycerolipid classes and galactolipid classes was performed using
an Agilent 1100 HPLC system equipped with a 250 mm x 4
mm (length x internal diameter) 5 wm Lichrospher silica col-
umn. The mobile phases consisted of hexane/isopropanol/water
(628:348:24, v/v) supplemented with 10 mg/L ammonium for-
miate and isopropanol/water (850:146, v/v) supplemented with
10 mg/L ammonium formiate. The gradient is the same as in
Rainteau et al.” In these conditions, lipids were separated accord-
ing to their polar head group. So, it was possible to define a time-
window specific for each lipid class. Typically the time-windows
for PC, PE, PL, PG, MGDG and DGDG were ca. [33-38] min,
[10-24] min, [25-29] min, [12-17] min, [5-13] min and [16—
27] min, respectively. Eluted lipids were continuously injected
to tandem mass spectrometer (QTrap2000, ABSciex) and the
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MRM analysis was performed and acquired during the entire
HPLC run (60 min). For further analyses, only data acquired
during each lipid-specific time-window were considered. The
couples of masses looked for in QI and Q3 were based on mass
scan using specific precursor of mode or neutral loss mode (data
not shown). The tables of transitions (couple of masses) analyzed
for galacto- and phosphoglycero-lipids are in Table S1.

Figure 1 displays a representative MRM experiment for galac-
tolipid. The HPLC with polar column does separate glycerolipids
according to their head group (Fig. 1A). Each peak is the result
of the addition of the signals for all MRM transitions analyzed
in the run (Fig. 1B and C). For the time window corresponding
to the elution of the glycerolipid of interest a MRM spectrum,
consisting in the integration of all MRM peaks, can be calcu-
lated (Fig. 1D). Once a signal associated with each transition,
it is necessary to take into account the isotopic distribution of
C in lipid molecules. We considered *C to occur at 1.1% of the
frequency of '*C. For each MRM transition, we calculated a cor-
rection coefficient considering that the monitored transition is in
part due to an isotopic overlap (Rainteau et al)."” The correction
factor was calculated for all MRM transitions, for galactolipids
and phosphoglycerolipids, from the lowest to highest molecular
weights. The Excel macro developed is given in Table S1. From
the corrected MRM spectra it is possible to draw the composition
in molecular species. For a glycerolipid esterified with two differ-
ent facty acids (e.g., 16:3/18:0-MGDG), then the 2 correspond-
ing transition signals are added, while for glycerolipid esterified
with one fatty acid (e.g., 18:3/18:3-MGDG) only one MRM
transition reflects this molecule abundance.

Using this technique, galactolipid molecular species were
determined in so-called 16:3 and 18:3 plants (Fig. 2). As
expected, only MGDG extracted from spinach or Arabidopsis
(two 16:3 plants) contains high amounts of 16:3 fatty acid (Fig.
2A). Molecular species in which this fatty acid is present repre-
sent between 40% (spinach) and 60% (Arabidopsis) of the total.
Indeed, if 18:3/16:3 is the main of these molecular species, 16:3
is also found associated with 18:1 and 18:2. The other molec-
ular species present in significant amounts are 18:2/18:3 and
18:3/18:3. These latter species represent more than 90% of the
molecular species in MGDG from 18:3 plants (leek and mint).
This difference in capability to desaturate C16 fatty acids is also
reflected in DGDG composition (Fig. 2B). Although less abun-
dant (ca. 10%), the 16:3/18:3 species is solely present in lipids
from the 16:3 plants. It has to be noted that, among the other
species, the 16:0/18:3 one is more present in DGDG (10 to 18%)
than in MGDG (< 1.5%).

Expressed as percentage of each fatty acid vs. total fatty acids
present in the chloroplastic lipids, our data are in accordance with
those reported for spinach chloroplast envelope!? or for field mint
galactolipids'® after gas chromatography analysis. However, the
MRM mass spectrometry gives access to each individual molecu-
lar species, thus allowing one to detail the partners of each fatty
acid, especially for the species that are represented at a low level
(such as 18:1 or 18:2/16:3).

Another example of MRM-MS/MS interest comes from the
analysis of ssi2 plants, with a very low 18:0 desaturase activity
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Figure 1. Representative MRM experiment. Galactolipids from a bulk lipid extract of Spinach leaves were analyzed by MRM. (A) Sum of the signals of
all MRM transitions analyzed. The peaks corresponding to the elution of MGDG and DGDG are displayed. Each MRM transition for one galactolipid
class can be visualized separately, as seen for MGDG (B) and DGDG (C). (D) Signal intensities are associated with each MRM transition for one lipid class,
leading to the MRM spectrum for this lipid. DGDG spectrum is displayed. This spectrum is calculated within the time period corresponding to DGDG
elution, therefore the data are not contaminated by isobars that would elute at different time period. For MGDG and DGDG the parent ions m/z that
are analyzed in Q1 correspond to the [M+HCOQ]". The ions analyzed in Q3 correspond to fatty acid.

(approx. 10% of the level in the wild type counterpart®). All  However, the 18:0 fatty acid is preferentially associated to 18:3
18:0-molecular species are enriched in the mutant MGDG one, and also to 18:2 one. In the s72 mutant, these molecular
(Fig. 3A) and DGDG (Fig. 3B) compared with wild type species account for ca. 4% and 15% in MGDG and DGDG,
(WT), whatever the other fatty acid of the molecular species.  respectively, instead of ca. 1% and 1.5% in WT. This increase is
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Figure 2. Molecular species composition of MGDG (A) and DGDG (B) extracted from 16:3 or 18:3 plant leaves. 16:3 plants are Spinach (Spinacia
oleracea L., red bars) and Arabidopsis thaliana (cv Columbia, blue bars). 18:3 plants are Leek (Allium porrum L., yellow bars) and Mint (Mentha arvensis L.,
green bars). Values are means of 3 independent experiments. Insert graphs give details of 16:3-containing molecular species.

mainly compensated by a decrease in 16:3/18:3 for MGDG or in
18:3/18:3 for DGDG. These data are in accordance with those of
Nandi et al.'" who reported composition of ssi2 lipids expressed
in exact mass. However, the same mass can correspond to two,
or more, species. Our data indicate that the increase in 36:2 and
36:3 galactolipids corresponds to an increase of the 18:0/18:2 and
18:0/18:3 species, not of the 18:1-containing ones.

The 18:0 fatty acid is even more present in the phospholipids
of the mutant, almost exclusively in the 18:0/18:2 and 18:0/18:3
species, in agreement with Nandi et al.'® who found an increase
in 36:2 and 36:3 phospholipids. In PC (Fig. 4A), these species
become the prominent ones as almost all those containing two
unsaturated fatty acids (to the exception of 18:3/18:3) are less
abundant than in WT. In phosphatidylethanolamine (PE, Fig.
4B) the two above species are also accumulated in the mutant.
However, in contrast with PC, species with two unsaturated
chains are much less reduced. In fact, it is the 16:0/18:2 species
that is the most decreased. In phosphatidylinositol (PI, Fig. 4C),
which has a simpler molecular species distribution, the mutation
allows the 18:0/18:2 and 18/0/18:3 species to accumulate, while
the 16:0/18:2 one is reduced, as in PE. PG is synthesized both
by the prokaryotic pathway in the chloroplast and the eukaryotic
pathway in the endoplasmic reticulum. For this lipid (Fig. 4D) the
two 18:0-containing species are also more present in the mutant
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(ca. 5%) than in WT (less than 1%). Nandi et al.' reported an
increase in 34:3 PG in the 5522 mutant, that we can attribute solely
to 16:0/18:3 species, the amount of 16:1/18:2 being unaffected.
These authors have not shown the presence of the two 18:0-con-
taining molecules as they did not check PG with two C18 fatty
acid chains. Indeed our results with ss72 PG clearly establish that
PG with two C18 fatty acids exist in plants.

This method of lipid analysis is a powerful tool for studying
changes in composition following stresses. For instance, an over-
night cold stress (4°C) or dark exposure applied to Arabidopsis
plantlets induces an increase in 18:3 content that is mainly asso-
ciated to 16:3/18:3 species in MGDG and 18:3/18:3 ones in
DGDG (not shown). Also, the total content in a given phospho-
lipid mass can be almost unchanged while the mass corresponds to
two species that vary in an opposite way. It is the case of 36:4-PC
in the above situation in which 18:1/18:3 decreases and 18:2/18:2
increases during the stress.

Our examples from situations already known to impact lipid
desaturation (desaturase mutant or different species) clearly illus-
trate that, due to the accuracy in determination of each molecular
species present in the various lipid classes, obtained in a single run,
mass spectrometry in MRM mode will be useful to follow the
lipid changes that accompany the responses of plants to abiotic or
biotic stresses.
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Figure 3. Molecular species composition of MGDG (A) and DGDG (B) extracted from Arabidopsis thaliana cv Nossen leaves. Wild type: red bars. ssi2
mutant: blue bars. Insert graphs give details of 18:0-containing molecular species. Values are means of 3 independent experiments.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.
program.

Acknowledgments
The authors acknowledge funding from the Université Pierre et
Marie Curie, the Centre National de la Recherche Scientifique
and the Agence Nationale de la Recherche (Programme Blanc

5. Somerville C, Browse J. Dissecting desaturation: plants

References prove advantageous. Trends Cell Biol 1996; 6:148-53;
Roughan PG, Holland R, Slack CR. The role of chloro- PMID:15157478;  http://dx.doi.org/10.1016/0962-
plasts and microsomal fractions in polar-lipid synthesis 8924(96)10002-7
frgm [1«14C]agetate by cell-free pr‘eparations from 6 Kachroo P, Shanklin J, Shah J, Whittle EJ, Klessig DE.
spinach (Spinacia oleracea) leaves. Biochem ] 1980; A fatty acid desaturase modulates the activation of
188:17-24; PMID:7406878 defense signaling pathways in plants. Proc Natl Acad
Browse J, Warwick N, Somerville CR, Slack CR. Fluxes Sci USA 2001; 98:9448-53; PMID:11481500; hep://
through the prokaryotic and eukaryotic pathways of dx.doi.org/10.1073/pnas.151258398
liPid synthesis in the ‘16:3’ plant Arabidopsis thaliana. 7. Ruelland E, Vaultier MN, Zachowski A, Hurry V. Cold
Biochem J 1986; %35:25'31; PMID:3741384 signalling and cold acclimation in plants. Adv Bot Res
Frenzen M, Heinz E, McKeon TA, Stumpf PK. 2009; 49:35-150; http://dx.doi.org/10.1016/S0065-
Specificities and selectivities of glycerol-3-phosphate 2296(08)00602-2
acyltransferase and monoacylglycerol—3—phosphate acyl- g, Upchurch RG. Fatty acid unsaturation, mobilization,
tr'ansfcrase from pea and spinach chloroplasts. Eur J and regulation in the response of plants to stress.
Bloch'em 1983; 12?:629-36; PMID:6825679; http:// Biotechnol Lett 2008; 30:967-77; PMID:18227974;
dx.doi.org/10.1111/}.1432-1033.1983.tb07096.x hetp://dx.doi.org/10.1007/510529-008-9639-z
Wang Z, Benning C. Chloroplast lipid synthesis o [py K. Acclimative response to temperature stress in

and lipid trafficking through ER-plastid membrane
contact sites. Biochem Soc Trans 2012; 40:457-
63; PMID:22435830; http://dx.doi.org/10.1042/
BST20110752

www.landesbioscience.com

higher plants: approaches of gene engineering for tem-
perature tolerance. Annu Rev Plant Biol 2002; 53:225-
45; PMID:12221974; http://dx.doi.org/10.1146/
annurev.arplant.53.100201.160729

Plant Signaling & Behavior

PANACEA NT09_517917; grant to E.R.). N.D. is a recipient
of a Ph.D. fellowship from the Hubert Curien-Tassili mobility

Supplemental Material

10.

12.

14.

Supplemental material may be found here:
heep://www.landesbioscience.com/journals/psb/article/24118

Harwood J. Involvement of chloroplast lipids in the
reaction of plants submitted to stress. Lipids in photo-
synthesis: Structure, function and genetics. 2004:287—
302; htep://dx.doi.org/10.1007/0-306-48087-5_15
Miquel ME Browse JA. High-oleate oilseeds fail
to develop at low temperature. Plant Physiol 1994;
106:421-7; PMID:12232339

Murata N, Wada H. Acyl-lipid desaturases and their
importance in the tolerance and acclimatization to
cold of cyanobacteria. Biochem ] 1995; 308:1-8;
PMID:7755550

Block MA, Dorne AJ, Joyard J, Douce R. Preparation
and characterization of membrane fractions enriched
in outer and inner envelope membranes from spinach
chloroplasts. II. Biochemical characterization. J Biol
Chem 1983; 258:13281-6; PMID:6630230

Wanjie SW, Welti R, Moreau RA, Chapman KD.
Identification and quantification of glycerolipids in cot-
ton fibers: reconciliation with metabolic pathway pre-
dictions from DNA databases. Lipids 2005; 40:773-85;
PMID:16296396; http://dx.doi.org/10.1007/s11745-
005-1439-4

€24118-5



A3o

10 A

= N w B
o o o o
1 1 1 1

% of total molecular species O
o
l

16:0/18:1
16:0/18:2

16:0/18:3

16:0/20:0
16:1/16:1

16:1/18:1
16:1/18:2
16:1/18:3
18:0/18:0
18:0/18:1
18:0/18:2
18:0/18:3
18:1/18:1
18:1/18:2
18:1/18:3
18:2/18:2
18:2/18:3
18:2/20:0
18:3/18:3

Figure 4. Molecular species composition of PC (A), PE (B), PI (C) and PG (D) extracted from Arabidopsis thaliana cv NOssen leaves. Wild-type, red bars;

ssi2 mutant, blue bars. Values are means of 3 independent experiments.

15.

Welti R, Wang X. Lipid species profiling: a high-
throughput approach to identify lipid compositional
changes and determine the function of genes involved
in lipid metabolism and signaling. Curr Opin Plant
Biol 2004; 7:337-44; PMID:15134756; http://dx.doi.
org/10.1016/j.pbi.2004.03.011

Nandi A, Krothapalli K, Buseman CM, Li M, Weldi
R, Enyedi A, et al. Arabidopsis sfd mutants affect
plastidic lipid composition and suppress dwarfing, cell
death, and the enhanced disease resistance phenotypes
resulting from the deficiency of a fatty acid desatu-
rase. Plant Cell 2003; 15:2383-98; PMID:14507997;
http://dx.doi.org/10.1105/tpc.015529

€24118-6

17. Rainteau D, Humbert L, Delage E, Vergnolle C,

Cantrel C, Maubert MA, et al. Acyl chains of phos-
pholipase D transphosphatidylation products in
Arabidopsis cells: a study using multiple reaction moni-
toring mass spectrometry. PLoS ONE 2012; 7:¢41985;
PMID:22848682; http://dx.doi.org/10.1371/journal.
pone.0041985

Plant Signaling & Behavior

18.

Rao KS, Lakshminarayana G. Lipid class and fatty acid
compositions of edible tissues of Peucedanum graveo-
lens, Mentha arvensis, and Colocasia esculenta plants.
J Agric Food Chem 1988; 36:475-8; http://dx.doi.
0rg/10.1021/jf00081a017

Volume 8 Issue 5



